The formation of DNA loops by proteins and protein complexes that bind at distal DNA sites plays a central role in many cellular processes, such as transcription, recombination, and replication. Here we review the basic thermodynamic concepts underlying the assembly of macromolecular complexes on looped DNA and the effects that this process has in the properties of gene regulation. Beyond the traditional view of DNA looping as a mechanism to increase the affinity of regulatory molecules for their cognate sites, recent developments indicate that DNA looping can also lead to the suppression of cell-to-cell variability, the control of transcriptional noise, and the activation of cooperative interactions on demand.
Introduction
Gene regulation relies to a great extent on proteins that bind to DNA, not only close to the genes they regulate but also at distal DNA sites that can be brought to the initiation of transcription region by looping the intervening DNA. This process, known as DNA looping, is widely used in gene regulation. It was first discovered in the ara operon of E. [6, [12] [13] [14] .
The striking fact was not only that this fundamental result came more than forty years after the discovery of gene regulation in phage λ but also that the very idea of the increase of the local concentration just by itself can not be applied at all in this case. In the best scenario, current theories predict that the local concentration for such long loops would be increased by less than a factor 10 [15] , which is well below the factor 1000 that is required to observe the formation of the octamers in solution [16] . The loop is thus too long to substantially increase the local concentration. How is it then possible that the loop forms when the octamer that ties it would not exist in such low concentrations?
The two counterintuitive examples we have just pointed out, namely, a weak site helping a strong site and a protein complex that would not exist in solution fastening a DNA loop, have a straightforward explanation when formulated in terms of the appropriate thermodynamic quantities.
Free energies and the thermodynamic basis of regulated recruitment
It is often assumed that cellular processes are like chemical reactions in an ideal wellstirred macroscopic reactor. The cell, however, is a small and crowded volume where many events take place at the same time. At the cellular level, the problem is not so much how to make two proteins interact but rather how to prevent them from interacting with all the other proteins they are not supposed to. Concentrations of the different molecular species are therefore kept low. To achieve specificity and affinity at the same time, cells have evolved mechanisms to bring molecules close to their interaction sites. It is now becoming more and more evident that this idea, referred to as regulated recruitment, is one of the unifying principles upon which living systems operate [17] . DNA looping is just one crucial example. In this section we will provide the basic thermodynamic ideas that will allow us to implement regulated recruitment in a quantitative way and apply it to DNA looping.
One key, perhaps the most important piece of information is that the free energy of binding, ∆G bind , can be decomposed into two main contributions:
One, the interaction free energy ∆G int , arises from the interactions between the two molecules, such as electrostatic, hydrophobic, and Van der Waals interactions. The other, the positional free energy ∆G pos , results from positioning the molecules in the right place and orientation so that they can interact and it accounts, among other potential contributions, for the loss of translational and rotational entropy upon binding.
Let us consider in more detail the meaning of the positional free energy. If two molecules are to be bound, their positions have to be within a small volume of the order of the range of the interaction forces. The probability that one molecule is in this volume just by chance is given by the ratio of the volume of interaction, V int , to the volume where the reaction takes place, V reac . If there are N molecules instead of one, the probability is scaled up accordingly, leading to the simple expression P pos = NV int / V reac . Statistical thermodynamics [18, 19] links this probability with its corresponding free energy, ∆G pos , through the relationship P pos e − ∆G pos / RT , where R is the gas constant and T , the absolute temperature ( RT 0.6 kcal/mol for typical experimental conditions). Equating both expressions for the positional probability and taking logarithms leads to For practical purposes, the expression for the positional free energy can be rewritten as
by normalizing both volumes by the volume associated with one molecule at 1M
concentration, V mol = 1.7 nm 3 , and by using the property that the logarithm of the product of two factors is the sum of the logarithm of each factor. The quantity Typical values of the positional free energy are ∆G pos o ≈ 15 kcal/mol [20] . This value indicates that if the free energy of interaction is zero, the probability that two molecules are as close as if they were bound is extremely small. 
Stability of the loop in the lac operon
These ideas can be applied to study the formation of the DNA loop between the main operator and the auxiliary operator in the lac operon [22] . (Figure 2b ). All these contributions must add up to the experimentally observed free energy (Table 1a) , a substantially smaller quantity than the free energy of binding to just O 1 , ∆G O1 = ∆G pos + ∆G int O1 (Table   1a) . Therefore, the extra interaction of the repressor with O 2 is able to compensate for the conformational free energy of forming a 401 bp DNA loop, which can be estimated to be The deconstruction procedure we have followed for the free energy has the advantage that the resulting contributions can be related to each other by combining them with the available experimental data for different experimental setups. From the in vivo measured activity of the lac operon [23] and its mathematical expression in terms of free energies [22] , we have inferred the free energy of looping for different lengths of the DNA between operators (Table 1b) . For intermediate lengths, within the range 150bp to 1.5kbp, the conformational free energy of looping nicely fits the theoretically predicted expression for an ideal flexible polymer ∆G loop (l) = ∆G loop (l 0 ) + α RT ln(l / l 0 ) , where l is the length of the loop, l 0 a reference length, and α a constant. Intriguingly, theoretical estimates give α~ 2.25 [15, 24] , which is significantly different from the inferred in vivo value of α~1.25 (Table 1b) .
Assembly of macromolecular complexes in phage λ
Phage λ represents a step forward in complexity. The loop is formed not by a single protein but by a protein complex that is assembled on the DNA as the loop forms. Interestingly, once the tetramers are formed, the interaction free energy between them is barely able to compensate for the conformational free energy cost of closing the loop: Figure 2d ). Such contribution to the free energy allows the loop to be present up to 99.7% of the time.
Effects of DNA looping in gene regulation
The thermodynamic approach we have presented provides a straightforward method to obtain the free energy of the assembly of macromolecular complexes from the different contributions of their components. Remarkably, there are potentially much more complexes than components. Therefore, measuring the free energy of a selected set of complexes can be sufficient to thermodynamically characterize all the components and their mutual interactions. The resulting information can in turn be used to obtain the free energies of all the possible complexes. Knowing the free energies of all the complexes, or equivalently, all the possible configurations in which the components can be arranged, allows statistical thermodynamics to make quantitative predictions about the probability of finding different configurations [18] and the resulting effects in gene regulation [19] .
The widespread view in the field of gene regulation is that DNA looping is just a mechanism to increase the binding of regulatory molecules to their corresponding DNA binding sites [3] . In fact, the thermodynamic approach we have discussed shows how such increase is achieved in representative instances. DNA looping, however, is intrinsically different from other common mechanisms that could be used to increase the affinity of a molecule for its cognate site. We discuss below three crucial effects that DNA looping has on gene regulation, namely, the suppression of cell-to-cell variability, the control of transcriptional noise, and the supply of cooperativity on demand.
Cell-to-cell variability
The numbers of different molecular species are expected to differ from cell to cell, especially when they are as low as tens or hundreds. Such differences can even make genetically identical cells behave differently under the very same conditions [25, 26] . (Figure 3b ). In contrast, using a single operator just propagates the fluctuations proportionally and two operators without DNA looping can lead to an amplification of the underlying molecular variability (Figures 3b and 3c ).
Transcriptional noise
Differences in the numbers of regulatory molecules are not the only source of cellular variability. The intrinsic stochasticity of cellular processes, usually referred to as noise, also plays an important role [26] . When the average production of proteins is as low as 10 per hour, stochastic effects can become relevant for the behavior of the system [27] [28] [29] [30] [31] [32] . The reason for these differences is a matter of time scales. If transcription switches slowly between active and inactive, there are long periods of time in which proteins are produced constantly and long periods without any production. Therefore, the number of molecules fluctuates strongly between high and low values. In contrast, if the switching is very fast, the production is in the form of short and frequent bursts. This lack of long periods of time with either full or null production gives a narrower distribution of the number of molecules. DNA looping naturally introduces a fast time scale: the time for the repressor to be recaptured by the main operator before unbinding the auxiliary operator is much shorter than the time needed by a repressor in solution [22] . DNA properties are therefore important in controlling transcriptional noise. Conspicuously, it has recently been observed that DNA can cyclize at unusually high rates [33] [34] [35] .
Looping and a higher association rate constant might seem to provide equivalent mechanisms regarding fluctuations. There are, however, certain limits for the values that the rate constants can achieve. The theoretical limit for the association rate constant of diffusion-limited reactions is k a 10 9 M −1 s −1 [36] . To reduce the fluctuations by increasing the association rate constant, the diffusion limit would have to be surpassed, which does not seem to be the case for the lac repressor [37, 38] . DNA looping consequently provides the cell with a mechanism to circumvent the physical constraints imposed by diffusion-limited reactions.
Cooperativity on demand
The logics of λcI regulation is to activate its own transcription at the P RM promoter and repress the cro gene at the P R promoter (Figure 1 ) [6] . λcI dimers bind cooperatively to It is now clear that O R 3 is occupied at physiological concentrations because of the effects of DNA looping [6, 12, 13] . In Figures 3f and 3g we show the activity of the P R and P RM promoters as a function of λcI dimer concentration, [λcI 2 ], for different values of the free energy of looping [14] . As the free energy of looping decreases, O R 3 becomes more occupied by λcI dimers (Figure 3f ). Thus DNA looping provides the cooperativity needed for the occupation of O R 3.
Unexpectedly, if the free energy of looping is decreased further beyond wild type levels, the qualitative behavior resembles that of the case when there is no DNA looping at all.
Let us consider this key point in more detail. For the phage λ switch to function properly, repression of the cro gene and activation of the λcI gene should occur simultaneously.
This is accomplished by the formation of λcI tetramers at the O R operator. In addition, as soon as λcI concentration is sufficiently high, its production should be turned off to allow effective RecA-mediated switch to the lytic state [6] . If the free energy of looping is too high, DNA cannot loop and λcI is repressed only for concentrations well above those of λcI activation and cro repression. If the free energy of looping is too small, DNA readily loops and λcI activation and cro repression occur at a much lower concentration than that required for λcI repression. Therefore, both high and low conformational free energies of looping lead to the same qualitative behavior. The main difference is just a shift in concentrations at which different regulatory events happen (Figures 3f and 3g) . 
Conclusions
Regulation systems have evolved constrained by the intrinsic molecular nature of the cell.
Cells are densely packed with thousands of different molecular species and their function is built upon molecular events that are inherently stochastic. Integration of such multiplicity of components into a functional unit must be able to balance a series of factors all of which might not be attainable at the same time. If concentrations of the different molecular species are kept low to prevent non-specific interactions, not only the binding to the specific sites is decreased but also fluctuations are expected to become important. DNA looping is a mechanism that can be used to increase specificity and affinity simultaneously, and, at the same time, to control the intrinsic stochasticity of cellular processes. In particular, it can buffer molecular variability to produce phenotypically homogeneous populations, decrease the transcriptional noise, and allow cooperative interactions to take place on demand, as required from the cellular context. 
Table 1
Representative free energies (in kcal/mol) of binding and looping states for the lac operon and phage λ at 1M (standard conditions) and at the physiological concentrations 
